The cell nucleus communicates with the cytoplasm through a nucleocytoplasmic linker that maintains the shape of the nucleus and mediates its migration. In contrast to animal nuclei, which are moved by motor proteins (kinesins and dyneins) along the microtubule cytoskeleton [1, 2] , plant nuclei move rapidly and farther along an actin filament cytoskeleton [3] . This implies that plants use a distinct nucleocytoplasmic linker for nuclear dynamics, although its molecular identity is unknown. Here, we describe a new type of nucleocytoplasmic linker consisting of a myosin motor and nuclear membrane proteins. In the Arabidopsis thaliana mutant kaku1, nuclear movement was impaired and the nuclear envelope was abnormally invaginated. The responsible gene was identified as myosin XI-i, which encodes a plant-specific myosin. Myosin XI-i is specifically localized on the nuclear membrane, where it physically interacts with the outer-nuclear-membrane proteins WIT1 and WIT2. Both WIT proteins are required for anchoring myosin XI-i to the nuclear membrane and for nuclear movement. A striking feature of plant cells is dark-induced nuclear positioning in mesophyll cells. A deficiency of either myosin XI-i or WIT proteins diminished dark-induced nuclear positioning. The unique nucleocytoplasmic linkage in plants might enable rapid nuclear positioning in response to environmental stimuli.
In plant cells, nuclei move large distances along the actin filaments, often undergoing shape changes as they move [3] . They move more rapidly than animal nuclei by an unknown mechanism that does not involve microtubules. To identify this mechanism, we used a forward genetics approach. A transgenic Arabidopsis thaliana plant that expressed the nuclear marker Nup50a-GFP [4] had spindle-shaped nuclei in the epidermal cells of leaves ( Figure 1A ) and other tissues, including root hairs, root cells, and hypocotyls (see Figure S1A available online). From an ethyl methanesulfonate-mutagenized population of the transgenic plant, a mutant with abnormal nuclear shapes and a defect in nuclear movement was isolated and designated as kaku1-1, after the Japanese word for nucleus. The kaku1-1 nuclei were nearly spherical in various tissues ( Figure 1B ; Figure S1A ), with a significantly higher circularity index [4p (area/perimeter
2 )] than wild-type nuclei ( Figure S1B ). The circularity index decreased with increasing nuclear size in wild-type cells, but not in kaku1-1 cells ( Figure S1C ). To visualize the nuclear envelope, a red fluorescent protein (RFP) fusion protein with the inner membrane protein SUN2 [5] [6] [7] was stably expressed in wild-type and kaku1-1 plants. The wild-type nuclear envelope was elongated along the longitudinal axis of the root hair cell ( Figure 1C ). By contrast, the kaku1-1 envelope was irregularly and intricately invaginated ( Figure 1D ). Electron micrographs showed that the nuclear envelope was deeply invaginated in kaku1-1 ( Figure 1F ; Figure S1D ), but not in the wild-type ( Figure 1E ). These results suggest that KAKU1 plays an important role in nuclear envelope shape.
The kaku1-1 mutant had a point mutation at the splice donor site of the third intron of the At4g33200 gene ( Figure 1G ) and lacked any detectable At4g33200 transcripts ( Figure 1H ), suggesting that kaku1-1 is a null mutant. All of the three transfer DNA (T-DNA)-tagged alleles (kaku1-2, kaku1-3, and kaku1-4; Figure 1G ), which were also null mutants ( Figure 1H ), had spherical nuclei like those of kaku1-1 ( Figure 1I ), indicating that the At4g33200 gene is responsible for the kaku1 phenotype. The KAKU1 gene encodes a plant-specific myosin (173 kDa) that belongs to the myosin XI family. A. thaliana has 13 members in the myosin XI family: myosins XI-a to XI-k and myosins XI-1 (Mya1) and XI-2 (Mya2) [8] . KAKU1 clustered with myosin XI-i subfamily proteins, which are conserved widely in land plants [8] [9] [10] . Of all the single mutants of the 13 members, only myosin xi-i/kaku1 exhibited abnormal nuclear shape ( Figure S1E ), indicating that myosin XI-i is the predominant myosin XI involved in elongated shapes of nuclei.
Myosin XI family proteins have a highly conserved motor domain, six IQ motifs, a coiled coil responsible for dimerization, and a tail domain involved in targeting [11] . We generated a transgenic plant expressing a yellow fluorescent protein (YFP) conjugated with myosin XI-i lacking the motor domain (YFP-XI-i-Dmotor), in which the transgene level was estimated to be 11.48 6 0.80 times the endogenous myosin XI-i/KAKU1 gene level by quantitative RT-PCR (data not shown). In the transgenic plants, nuclear morphology was indistinguishable from that in the wild-type, suggesting that expression of the transgene had no dominant-negative effect on nuclear morphology. The fusion protein from the transgenic plants gave a single band with a molecular mass of 105 kDa corresponding to the full-length fusion protein, but no degradation products on the immunoblot with anti-GFP antibody (Figure 1J) . The fluorescent signal of YFP-XI-i-Dmotor was clearly visible on the nuclear membrane in epidermal cells of cotyledons and roots ( Figure 1K ), in agreement with a previous report [12] . Furthermore, full-length myosin XI-i fused with GFP also localized on the nuclear membrane in protoplasts from cultured tobacco cells ( Figure 1L ). These results suggested that myosin XI-i localized to the nuclear membrane.
To clarify whether myosin XI-i functions in nuclear movement, a GFP-tagged histone was stably expressed in each of the kaku1-2 and kaku1-4 mutants and the wild-type. Nuclear movement in the root cells of seedlings was examined by imaging the fluorescent nuclei of three-dimensional reconstitutions for 45 min. In wild-type cells, the spindle-shaped nuclei moved rapidly and bidirectionally for a distance equal to the whole cell length ( Figure 1M ; Movie S1; Supplemental Experimental Procedures). By contrast, in the kaku1-2 and kaku1-4 mutants, the spherical nuclei moved much more slowly (Figure 1M ; Movie S1). These results suggest that myosin XI-i drives nuclear movement along actin filaments. Such movement is consistent with the finding that actin-depolymerizing drugs abolished nuclear movement in plants [3] . On the other hand, in growing pollen tubes, the kaku1-4 nuclei moved normally ( Figure S1F ), which is consistent with normal fertility of all four kaku1 mutants.
We previously reported that other myosin XI family members, myosin XI-k and XI-2, drive streaming of the endoplasmic reticulum (ER) in petiole cells [13] . These myosins regulate the organization of the ER network and actin filament [13] ( Figures S2C and S2G ). However, kaku1 exhibited no abnormalities in the ER of petiole cells ( Figures S2A, S2B , and S2D) or in the cortical actin network of hypocotyl cells ( Figures S2E, S2F , and S2H), suggesting that myosin XI-i is not directly involved in the ER architecture or the organization of cortical actin filaments. A deficiency of either myosin XI-k or XI-2 in trichome cells results in the appearance of more elongated nuclei [14] . Myosin XI-k and XI-2 might regulate nuclear shapes by different mechanisms compared with myosin XI-i because they function in actin organization [13] , whereas myosin XI-i does not (Figures S2E-S2H) .
Next, we examined the interactome of transgenic plants expressing YFP-XI-i-Dmotor. The anti-GFP antibody pull-down fraction produced a 105 kDa single band on the immunoblot with anti-GFP antibody, indicating the presence of an intact YFP-XI-i-Dmotor in the fraction (Figure 2A ). Mass spectrometry of the immunoprecipitates ( Figure S3A ) identified WPP domain-interacting tail-anchored protein 2 (WIT2, 72 kDa), which was found in the pull-down fraction from the transgenic plants, but not in that from the control transgenic plants (Figure S3B) . WIT proteins are integral membrane proteins on the outer nuclear membrane. This implies that myosin XI-i is associated with WIT proteins on the outer nuclear membrane (see Figure 4A , discussed below).
A. thaliana has two WIT genes, WIT1 (At5g11390) and WIT2 (At1g68910), that function redundantly in RanGAP anchoring on the nucleus [15] . Intriguingly, the fluorescent signal of YFP-XI-i-Dmotor was no longer detected on the nuclear membranes of either hypocotyl or root epidermal cells in wit1 wit2 ( Figure 2B ; Figure S3C) , although the expression level of the YFP-XI-i-Dmotor fusion protein in wit1 wit2 was the same as in the wild-type ( Figure 2C ). These results indicate that myosin XI-i had no ability to associate with the nuclear membrane in the absence of WIT proteins. Hence, WIT proteins are required for anchoring myosin XI-i to the nuclear membrane. A deficiency of both WIT1 and WIT2 caused the nuclei to have abnormal phenotypes similar to the phenotypes caused by a deficiency of myosin XI-i. The nuclear morphological phenotype in root cells was more spherical in the wit1 wit2 double mutant than in the wild-type and the single mutants (wit1 and wit2; Figures 2D and 2E) . Nuclear movement was impaired in the root cells of wit1 wit2 seedlings ( Figure 2F ; Movie S1), as well as in kaku1-2 and kaku1-4 ( Figure 1M ).
The nuclear movement rates in root hair cells were 0.52 6 0.35 mm/min for kaku1-2, 0.85 6 0.46 mm/min for kaku1-4, and 0.85 6 0.70 mm/min for wit1 wit2, while the wild-type rate was 2.68 6 1.37 mm/min. A deficiency of either myosin XI-i or WIT proteins caused a significant reduction of the nuclear movement rates (Figure 2G ), suggesting that myosin XI-i, which is bound to the outer nuclear membrane through WIT proteins, drives nuclear movement. The myosin XI-idependent movement of nuclei was significantly slower than the myosin XI-k-dependent movement of ER in petiole cells (w3.5 mm/s) [13] . This could be because myosin XI-i has lower motor activity than myosin XI-k. Another possibility is that nuclei are particularly difficult to transport because of their larger size.
A striking feature of plant cells is the movement of nuclei in a light-and dark-dependent manner [16] . In response to strong light, the nuclei of leaves move to the anticlinal wall of the cells, which is regulated by the blue-light receptor phototropin2 and the actin filaments [17] . On the other hand, during dark adaptation, the nuclei move to the center of the periclinal wall of the cells to keep away from the plant body surface, which might enable the nucleus to protect it from external stresses. However, the molecular mechanism underlying dark-induced nuclear movement is currently unknown. Three-dimensional images of dark-induced nuclear positioning in mesophyll cells were obtained (Movie S2). The majority of the wild-type nuclei were localized together with chloroplasts at the center of the periclinal wall (bottom) of the cells, whereas hardly any nuclei were located at the anticlinal wall ( Figure 3A) . By contrast, some nuclei of the kaku1 and wit1 wit2 mutants remained at the anticlinal wall, but not at the center of the periclinal (bottom) of the cells (Figure 3A, arrows) .
The percentage of nuclei at the anticlinal wall in wild-type leaves, which was approximately 15% in the dark, started to increase immediately in response to blue-light irradiation and reached approximately 75% after 3 hr of irradiation ( Figure 3B ). The light-induced nuclear movement occurred normally in the kaku1 and wit1 wit2 mutants ( Figure 3B ), suggesting that the myosin XI-i-WIT complex is not involved in light-induced movement. By contrast, during dark adaptation after 3 hr of blue-light irradiation, in the kaku1-2, kaku1-4, and wit1 wit2 mutants, the relocation of nuclei to the center of the periclinal wall was impaired ( Figure 3B ). These results indicate that the myosin XI-i-WIT complex plays a role in dark-induced nuclear movement and positioning in mesophyll cells. The fact that the nuclei positioning was not significantly different between the wild-type and wit1 wit2 at 4 hr suggested that one or more other factors are also involved in dark-induced nuclear movement.
The question raised is whether myosin XI-i directly interacts with WIT1. A pull-down assay using bacterially expressed recombinant proteins revealed that myosin XI-i-Dmotor specifically and directly bound WIT1 ( Figure 4A) . Furthermore, the in vivo interaction between myosin XI-i and WIT1 was demonstrated by coimmunoprecipitation experiments with tobacco leaves transiently coexpressing YFP-XI-i-Dmotor and RFP-WIT1 ( Figure 4B ). These results indicate that myosin XI-i directly associates with WIT1 on the nuclear membrane, as shown in the model in Figure 4C .
Figures 4C-4E compare models of the nucleocytoplasmic linkers of plants and animals. In animals, the nucleus communicates with the cytoplasmic microtubules ( Figure 4D ) or actin filaments ( Figure 4E) through (1) and (2) an inner-nuclear-membrane protein (SUN) that interacts with the nuclear lamina [1, 18] . KASH physically interacts with SUN to form the SUN-KASH bridge. The plant counterpart of the SUN-KASH bridge is the SUN-WIP (WPP domain-interacting protein) bridge [19] . As reported [19] , WIP1 coimmunoprecipitated with SUN2, although WIP1 lacking a VVPT motif essential for interacting with the SUN domain did not ( Figure 4B ). WIT [15] and WIP [20] , which have no sequence similarities to animal KASH proteins, are tail-anchored proteins on the outer nuclear membrane of plants. WIT1 coimmunoprecipitated with WIP1 ( Figure 4B ). These results suggest that the WIT-WIP complex in plants can be functionally equivalent to KASH in animals. Myosin XI-i-Dmotor did not coimmunoprecipitate with WIP1 ( Figure 4B ), which is consistent with the mass spectrometry data ( Figure S3B ), possibly due to the difficulty of detecting an indirect interaction between the two proteins. Taken together, our results suggest that myosin XI-i interacts with the nucleoplasm through the SUN-WIP-WIT bridge. Here, we describe a new type of nucleocytoplasmic linker involving a myosin motor (myosin XI-i) that binds to both the actin filament cytoskeleton and outer-nuclearmembrane proteins. To our knowledge, nucleocytoplasmic linkers consisting of a myosin motor have not been reported previously.
Movement, positioning, and anchoring of nuclei, which occur in various cellular processes, are mediated by a linkage between the nucleoplasm and the cytoplasm [1, 18, 21] . Actin filaments are used for nuclear anchoring in mammals [22] and Caenorhabditis elegans [23] (Figure 4E ). However, no actinassociated motor molecules have been identified in the migration of nuclei in animal cells, although the pushing forces of actin filaments have been implicated in nuclear migration [24, 25] . Animal cells lack long actin cables with uniform polarity [26, 27] . Therefore, whether myosins are involved in long-distance transport along actin filaments remains controversial [28] . By contrast, in plants, the actin filaments are organized into long bundle structures that are oriented along the longitudinal axes of cells. These actin bundles aid in the movement of various organelles in plants [13, 29] . Notably, the plant-specific myosin XI family members, which are conserved widely in land plants [8] [9] [10] , generate high motive forces [30] . Together, these results suggest that plants have evolved a unique machinery involving actin and a myosin motor that enables rapid and long-distance nuclear movement and nuclear positioning in response to environmental stimuli.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: Myosin XI-i/ KAKU1, At4g33200; SUN1, At5g04990; SUN2, At3g10730; WIP1, At5g26455; WIP2, At5g56210; WIP3, At3g13360; WIT1, At5g11390; and WIT2, At1g68910. Pull-down products with GST-Sepharose were subjected to immunoblots with either anti-ProS2 or anti-GST antibody. The input:bound ratio is 1:8. Uncropped images of blots are shown in Figure S4 . (B) Immunoblot showing the interactions among myosin XI-i, WIT1, WIP1, and SUN2. Protein complexes in the tobacco leaves that transiently expressed both GFP-and RFP-tagged proteins were immunoprecipitated with anti-GFP antibody and then subjected to immunoblots with either anti-GFP or anti-RFP antibody. WIP1DVVPT is the form that is unbound to SUN proteins [19] . The input:immunoprecipitate (IP) ratio is 1:60. Uncropped images of blots are shown in Figure S4 . The linker consists of motor proteins (kinesins and dyneins) that bind to both the microtubule cytoskeleton and the SUN-KASH bridge [1, 18] . (E) Model of the direct interaction between the actin cytoskeleton and the SUN-KASH bridge in animals that regulates nuclear anchoring and shape [22, 23] . See also Figure S4 .
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